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Abstract
After the successful investigation and confirmation of non zero θPMNS13 by various experiments, we are standing at
a square where we still encounter a number of issues, which are to be settled. In this paper, we have extended our
recent work towards a precise prediction of the θPMNS23 mixing angle, taking into account the neutrino mass hierarchy.
We parameterize the non-trivial correlation between quark (CKM) and lepton (PMNS) mixing matrices in quark-
lepton complementarity (QLC) model as Vc = UCKM .ψ.UPMNS , where ψ is a diagonal phase matrix. Monte Carlo
simulations are used to estimate the texture of Vc and compare the results with the standard Tri-Bi-Maximal (TBM)
and Bi-Maximal(BM) structures of neutrino mixing matrix. We have predicted the value of θPMNS23 for normal and
inverted neutrino mass hierarchies. The value of θPMNS23 obtained for two cases are about 1.3σ away from each other,
implying the better precision can give us a strong hint for the type of neutrino mass hierarchy.
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1 Introduction
The recent results from various neutrino oscillation experiments [1] in past several years have provided us a very strong
sign of neutrinos bieng massive, the mixing of lepton flavours and their oscilations. After the successful investigation of
θPMNS13 [2], there are certain issues that are not settled yet, out of which one is the problem of mass hierarchy in the
neutrino mass spectrum and another is the quadrant of angle θPMNS23 , are the challenges that are to be settled.
The phenomenon of quark and lepton flavor mixing is described by a 3× 3 unitary matrix called Cabibbo-Kobayashi-
Maskawa (UCKM ) and Pontecorvo-Maki-Nakagawa-Sakata (UPMNS) respectively. After investigating the global data fits
of various experimental results, so far we know the values for the UPMNS matrix which contains two large and a small
mixing angles; i.e. the θPMNS23 ≈ 45◦, the θPMNS12 ≈ 34◦ and the θPMNS13 ≈ 9◦. These results are observed along with
the quark flavor mixing matrix (UCKM ), which is quite settled with three mixing angles that are small i.e. θCKM12 ≈ 13◦,
θCKM23 ≈ 2.4◦ and θCKM13 ≈ 0.2◦, which clearly indicates about a disparity-cum-complementarity between quark and
lepton mixing angles. Since, the quarks and leptons are fundamental constituents of matter and Standard Model(SM),
the complementarity relation between these two families is seen as a consequence of a symmetry at some high energy
scale. This complementarity termed as ‘Quark-Lepton Complementarity’(QLC) has been studied by various authors [3].
The quark-lepton complementarity (QLC) relations hints about the depth of the structure that interrelates quarks
and leptons. The disparity between the quark and lepton mixing angles has been expressed in terms of the QLC relations,
which can be written as
θl12 + θ
q
12 ' 45◦, (1)
θl23 + θ
q
23 ' 45◦, (2)
θl13 + θ
q
13 ' 0◦. (3)
The above QLC relations indicate that, on the basis of certain flavor symmetry there could be a quark-lepton symmetry
at some different energy scale.
Possible consequences of QLC have been investigated in the literature and in particular a simple correspondence
between the UPMNS and UCKM matrices has been proposed and analyzed in terms of a correlation matrix [4]
Vc = UCKM · UPMNS , (4)
where Vc is the correlation matrix defined as a product of UPMNS and UCKM . In section (2), we discuss in brief the
theory of the QLC model along with the investigation of correlation matrix (Vc) and the methodology that we have
followed to obtain the desired results. According to the model procedure, after using the most credible texture of the
correlation matrix we derive the constraints on the θPMNS23 mixing angle for both normal and inverted neutrino mass
hierarchies in the section (3). Finally, in section (4) we conclude and summarise our results.
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2 The QLC Model and Theoretical Framework
The texture of Vc can be obtained under certain assumptions about the flavor structure of the theory [5]
Vc = UCKM · ψ · UPMNS , (5)
where ψ is taken as diagonal matrix ψ = diag(e(ιψi)) and the three phases ψi are assumed to free parameters as they
are not constrained by any of the current experimental evidences.
This is more convenient to do because in Grand Unified Theories (GUTs) [6], once quarks and leptons are kept in the
same representation of the underlying gauge group, one has to include an arbitrary but non-trivial phases between the
quark and lepton mixing matrices in order to counter the phase mismatch. We take
UCKM =
 1− λ2/2− λ4/8 λ Aλ3(1 + λ2/2)(ρ¯− ιη¯)−λ+A2λ5(1/2− ρ¯− ιη¯) 1− λ2/2− λ4/8(1 + 4A2) Aλ2
Aλ3(1− ρ¯− ιη¯) −Aλ2 +Aλ4(1/2− ρ¯− ιη¯) 1−A2λ4/2
+O(λ6)
and
UPMNS =
 eιφ1c12c13 eιφ2c13s12 s13e−ιφeιφ1(−c23s12 − eιφc12s13s23) eιφ2(c12c23 − eιφs12s13s23) c13s23
eιφ1(−e
ιφ1c12c23c13+s12s23) eιφ2(−eιφc23s12s13 − c12s23) c13c23
 .
However, the values of quark(UCKM )[1] and lepton(UPMNS)[7] mixing parameters are at 1-σ range
λ = 0.2255± 0.0006, (6)
A = 0.818± 0.015,
ρ¯ = 0.124± 0.024,
η¯ = 0.354± 0.015,
sin2 θ13 = 0.0218+0.0010−0.0010, (7)
sin2 θ12 = 0.304+0.013−0.012,
sin2 θ23 = 0.452+0.052−0.028,
φ = (306◦)+39−70.
For the unknown phases φ1, φ2 and the three ψi (5), we vary their values between the open interval [0, 2pi] in a flat
distribution.
As per our model [5] procedure, in order to constrain the value of θPMNS23 we use the inverse equation obtained
UPMNS = (UCKM ·Ψ)−1 · Vc. (8)
We follow more familiar and democratic approach for the calculation of the correlation matrix i.e. it may take any
form of texture as suggested by theoretical and experimental data from quark and lepton sectors. After doing Monte
Carlo simulations we estimated the texture of the Vc matrix. We obtained predictions for U23PMNS for the two cases of
neutrino mass hierarchies i.e. normal hierarchy(NH) and inverted hierarchy(IH).
3 Results
The PMNS matrix obtained in case of normal hierarchy is
UPMNS =
0.68− 0.87 0.40− 0.67 0.02− 0.350.20− 0.59 0.40− 0.70 0.59− 0.74
0.38− 0.43 0.56− 0.61 0.65− 0.72
 , where Vc =
0.66− 0.91 0.38− 0.71 0.00− 0.320.04− 0.69 0.29− 0.80 0.57− 0.80
0.24− 0.54 0.44− 0.72 0.59− 0.76
 .
The value thus obtained from above matrix is 39.73◦ − 48.47◦ having centre value θPMNS23 = 44.24◦.
In case of inverted hierarchy
UPMNS =
0.67− 0.86 0.40− 0.66 0.02− 0.360.18− 0.57 0.37− 0.67 0.62− 0.77
0.40− 0.44 0.58− 0.63 0.61− 0.68
 , where Vc =
0.67− 0.90 0.39− 0.70 0.00− 0.330.06− 0.66 0.30− 0.75 0.63− 0.81
0.31− 0.54 0.51− 0.71 0.59− 0.71
 .
The value of θPMNS23 obtained for inverted hierarchy is 42.70◦ − 52.38◦ with centre value as θPMNS23 = 47.16◦.
We have shown the probability density distribution of θPMNS23 for normal hierarchy (left) and inverted hierarchy
(right) and their comparison with the peaked value of θPMNS23 when hierarchy is not considered[8] in figure 1. Here the
dashed line is for θPMNS23 without considering hierarchy, the thin and thick solid lines are for the two cases of neutrino
mass hierarchies i.e. NH and IH, respectively.
4 Conclusion
We use the QLC model, where the non trivial relation between the UPMNS and UCKM mixing matrix is taken as the
phase mismatch between quark and leptons, via ψ the diagonal matrix. After following the model procedure the central
values obtained for θPMNS23 are 44.24◦ and 47.16◦ for normal and inverted neutrino mass hierarchies respectively. It has
been noticed that the precise values of θPMNS23 thus obtained for the two cases, NH and IH are about 2σ and 3σ away
from our previously obtained result[8], which can give a strong hint for the hierarchy of neutrino masses.
As such, in future the better precision of θPMNS23 can give the strong hint about the neutrino mass hierarchy.
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Figure 1: Probability density distribution(PDF) plots of sin2 θPMNS23 including λ-terms upto 6th order for Normal and Inverted
neutrino mass hierarchy and their comparison with value obtained in [8].
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